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^b.^r0<:ti.  ?aQ  articlo  presents  theoretical  principles  for  calcu¬ 
lating  the  vibration  period  of  clock  escapement  regulators 
without  natural  vibrations,  taking  into  account  the  effect  of 
dynamic  factors  on  the  magnitude  of  the  period.  The  formulas 
obtained  contribute  to  an  understanding  of  certain  laws  govern¬ 
ing  the  operation  of  these  regulators  ’(slight  dependence  of 
the  balance’s  vibration  range  upon  the  moment  of  the  motive 
force,  the  negligible  influence  of  great  changes  in  the  moment 
of  inertia  of  the  train  upon  the  magnitude  of  the  vibration 
period  etc.)  and  may  be  useful  in  the  designing  of  clockworks 
and  the  calculation  of  vibration  periods. 


CERTAIN  ERGBIELIS  IN  Tn2  DYNAMICS  OP  ESCAPE- 
LENT  REGULATORS  WITHOUT  NATURAL  VIBRATIONS 

OP  THS  BALANCE 


The  article  sots  forth  the  principles  of 
the  theory  for  calculating  the  vibration  period 
of  regulators  without  natural  v  ibra  tions ,  taking 
into  account  the  effect  of  dynamic  factors  on 
the  magnitude  of  the  period.  The  dependences 
here  obtained  contribute  to  an  understanding  of 
the  laws  governing  -the  operation  of  these  regu¬ 
lators  and  may  bo  of  use  in  designing  and  ana¬ 
lyzing  them. 


Various  branches  of  present-day  engineering  make  ex¬ 
tensive  application  of  simplified  clockwork  using  regulators 
without  natural  vibrations  (Figure  1), 

Vibrations  of  the  balance  in  systems  with  such  regu¬ 
lators  take  place  exclusively  by  virtue  of  the  interaction 
of  the  teeth  of  the  escape  wheel  with  pallets  of  one  form  or 
another,  situated  immediately  on  the  balance  or  on  a  sepa¬ 
rate  anchor  rigidly  connected  with  the  axis  of  the  balance. 

In  character  these  vibrations  are  discontinuous  auto-oscilla¬ 
tions. 


A  balance  has  no  fixed  equilibrium  position.  There¬ 
fore,  amplitude  is  in  significant  measure  an  arbitrary  param¬ 
eter  here,  depending  on  where  onefs  reckoning  starts. 

Only  the  double  amplitude  (range  of  vibrations)  of 
the  balance  is  completely  definite.  It  is  equal  to  a  com¬ 
plete  angle  of  rotation  of  the  balance  in  one  direction  and 
if  the  magnitude  of  amplitude  has  to  be  established,  it  can 
be  deemed  equal  to  half  this  angLe. 
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figure  2.  Diagrams 
pullets  and 


of  regulators  with  pin 
flat  pallets 


The  vibration  ranee  of  a  balance  ordinarily  does  not 

exceed  15-20°, 

The  chief  parameter  of  the  regulators  here  under  con¬ 
sideration  in  the  vibration  period.  Tor  a  balance  vhicii  is 
not  subject  to  the  action  of  any  rostoriny  force  tho  cycle 
of  motions  performed  by  the  bjlar.ee  between  two  adjacent 
identical  positions  is  said  to  be  a  complete  vibration.  The 
vibration  period  determines  the  duration  of  this  cycle.  Tho 
magnitude  of  the  balance's  vibration  period  depends  consider¬ 
ably  upon  tho  angular  momentum  on  the  escape  vh eel. 

The  theory  here  proposed  for  determining  a  balanced 
vibration  period  and  an  pics  of  rotation  is  based  on  the  con¬ 
cept  of  impulse  angles  depending  r.ot  only  on  tho  design  of 
the  escapement,  but  also  upon  moments  of  inertia  of  the  bal¬ 
ance  and  the  entire  whealwork  transmission,  as  well  as  the  cor¬ 
relations  between  moments  on  the  anchor  and  the  escape  wheel 
during  impulses,  and  upon  a  number  of  other  facto  is.  It  also 
contains  a  method  for  finding  tho  period,  and  findaw3ntal  an¬ 
gles  with  correction  for  tho  effect  of  the  impacts  of  the 
teeth  of  tho  escape  vjheel  with  the  pallets  on  their  contact 
at  the  beginning  of  each  impulse. 

By  taking  these  factors  into  account,  wo  can  explain 
certain  laws,  here  noted  in  practice,  governing  the  operation 
of  those  regulators:  the  slight  dependence  of  the  balanoefs 
vibration  range  upon  the  moment  of  the  motive  force;  the 
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negligible  influence  of  great  changes  in  the  moment  of  inertia 
of  the  train  upon  the  magnitude  of  the  vibration  period;  etc. 

The  formulas  obtained  here  make  it  possible  to  assess 
the  role  of  dynauio  factors  in  the  operation  of  regulators 
without  natural  vibrations  and  to  make  a  more  valid  selection 
of  design  parameters  in  the  design  and  planning  of  clookwork, 
as  well  as  to  obtain  more  accurate  results  in  the  calculation 
of  vibration  periods. 

Positions  of  the  Contact  Points  of  Balance  and  Escape  Wheel 

mmm—mmm  — —  ■  i  i  . . . .  ■  ■—  ■  ■  ■  i  ■  ■■■■■<■■■■  i  . 

In  the  vibrational  steady  state  the  pallets  of  the 
balance  meet  with  the  teeth  of  the  escape  wheel  at  strictly 
defined  points,  the  positions  of  which  on  each  pallet  serve 
as  the  reference  point  for  the  angles  of  rotation  of  the 
balance  during  the  operation  of  the  regulator. 

In  order  to  find  the  angular  coordinates  of  the  ele¬ 
ments  of  an  escapement  during  contact,  let  us  examine  the 
free  rotation  of  the  balance  and  wheel  (Figures  2  and  3). 

The  beginning  of  free  rotation  coincides  with  the  end 
of  an  impulse,  and  the  position  of  the  escape  wheel  and  the 
balance  at  this  moment  is  established  by  the  appropriate  plot¬ 
ting  or  calculation. 

Part  of  the  angle  of  free  rotation  p  c,  which  we 
shall  designate  /J  ,  will  .be  traversed  by  the  wheel;  the 
other  part,  which  ve  shall  designate  p  ,  will  be  trav- 

C  o 

ersed  by  the  balance.  Thus,  tiie  angle  of  free  rotation  of 
the  balance  is 


?c6  =  ?c-?< 


CK  < 


(1) 


[Translator’s  Note]:  The  subscripts  here  and  here¬ 
inafter  are  Russian  letters.  A  summary  list  of  sym¬ 
bols  with  Russian-letter  subscripts  —  together  with 
expansion,  translation  and  notation  of  first  occur¬ 
rence  —  is  £ven  below  at  pages  22-24. 


The  second  condition  for  finding  the  argles  ytf  and  fiQk 

is  that  the  time  during  which  the  balance  and  the  escape 
v/heel  are  in  motion  without  contact  is  identical  and  can  be 
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found  not  only  from  the  equation  of  'balance  rotation  but  also 
ffcom  the  equation  of  wheel  rotation, 

These  equations  hare  the  form 


+  0,  (2) 
/Xa-Mx  +  Mt(>  =  0,  (3) 


where  /S  and  a  are  the  current  ancles  of  rotation  of  the 

■balance  and  the  escape  vheel; 

I  and  I  are  respectively  the  moment  of  inertia  of 

x  the  balance  and  that  of  the  wheel  trans¬ 
mission  reduced  to  the  axis  of  the  escape 
v£t  ee  1 ; 

Mg  and  MA.g  are  respectively  the  momentum  acting  upon 
the  balance,  and  the  momentum  from  the 
balance  acting  upon  the  escape  vheel; 


is  the  angular  momentum  on  the  axis  of 
the  escape  vheel; 


Mm  is  the  friction  torque  on  the  pivots  of 
1  the  balance. 

In  impulse  sectors  elements  of  the  motion  of  the  bal¬ 
ance  and  the  "escape  wheel  are  found  by  common  solution  of 
these  equations.  During  free  rotation  the  equations  are 
solved  separately  with  moments  Mg  and  equaling  zero 

in  this  oase. 


Since  in  order  to  determine  free-rotation  time  we  must 
know  tho  velocity  of  the  balance  and  wheel  at  the  end  of  the 
impulse,  let  us  turn  our  attention  to  the  common  solution  of 
equations  (2)  and  (3), 

If  we  say  that 


we  shall  obtain 

[/+ /, f  ?  (?)  ]  ?  -  Mx  <p  (?) + m, = o. 
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Figure  2.  Diagram  for  determina  tLon  of  angles 
of  free  rotation  in  case  of  pin  pallets. 

[Translators  Note]:  The  Russian  subscript  "on 
refers  to  the  balance,  "x”  to  the  escape  wheel. 
For  symbols  with  oth  <r  Rus  si  an -letter  subscripts 
see  summary  list  belav  at  pages  22-24. 


In  view  of  the  relative  smallness  of  the  impulse  angles 
for  the  regulators  here  under  consideration,  we  shall  assume 
[1] 


(4) 


If  in  view  of  its  poor  variability  throu&out  an 
impulse  we  replace  (f>  )  with  mean  value 

«(?)cp  =  *, 

Key :  cp  *  mean 
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we  diall  obtain  the  fo 11 owing  equation  of  notion  for  the 
“bale nee- escape  wheel"  system 


v/here  /6  =  /+AL 


(5) 

(6) 


is  the  reduced  mooent  of  inertia  of  tho  balance. 

If  we  assume  the  velocity  of  the  balance  at  the  be-in- 
nine  of  the  impulse  generally  to  be  terminal  velocity  owing 
to  post- impact  "reflection  and  equal  to  and  if  wo  inte¬ 
grate  (5),  vjq  shall  find  its  velocity  at  the  end  of  the  im¬ 
pulse 


Vh 


'j  _j_  ,<ji 

!(,  •  "  ‘  '0  > 


(n 


where  pV{  is  angle  of  rotation  of  the  balance  during  an 
impulse. 

If  we  then  consider  free  rotation  and  integrate  equa¬ 
tions  (2)  and  (S)  separately,  we  siall  obtain  expressions  of 
the  time  of  free  motion, 

From  (2)  given  >  0 


(*) 

(9) 


Given  Mt  =  0 


From  (3),  given  velocity  of  the  escape  wheel  at  the 
end  of  the  impulse  gkl  , 


•  t  =-x-/i/2A*»  -  i  - 

c  Mx  \V  IT  •“  +  *S 

it  being  given  that 


,  _  2H±  <<j  —  Jha 

>u  "  fu  — —  . 

?«.i  '  <k 


(10) 

(10) 
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where  end  rti,  are  the  distances  from  the  centers  of  the 

escape  wheel  and  tho  balance  to  tho  general  normal  to  the 
surfaces  of  the  impulses  of  the  tooth  and  pallet  at  the  momont 
when  impulse  transmission  ceases,  and  ci  is  the  angle  of 

CK 

free  rotation  of  tho  escape  wheel. 

Let  us  establish  the  relation  between  angle  of  rotation 
of  wheel  and  angilar  displacement  of  impulse  surface  of 
tooth  relative  to  axis  of  balance  , 

From  Figure  Z  far  escapement  with  pin  pallets,  if  we 
disregard  the  curvature  of  arcs  AB  and  AA*  in  view  of  tho 
smallness  of  the  angles  of  free  rotation  of  the  balance  and 
the  wheel,  in  considering  <AABA*  we  shall  have 


From  A  OxObA 
where 

4  “ 


AA'=R,,  a «=<•.? = 


—  (v  +  y), 


- v  =  t:  — ~  —  arc  CoS 


A3  —  U2  r j  _ 

■2Rr(, 


C) 


[Translator's  Note]:  The  subscript  u6  "  refers  to 
the  balance. 

Angles  A  ,  Y  and  6  do  not  depend  on  trie  position  of  the 
escapement  and  that  is  vhy  angle  remains  unchanged  during 
free  motion,  Consaque nt ly,  if  we  rewrite  (*)  in  the  form 


(12) 


coefficient  D  will  be  constant  and  the  sought  relation  be¬ 
tween  angles  c\  and  p  will  be  linear. 

If  wo  roason  similarly  with  reference  to  a  balance 
with  flat  pallets  on  the  anchor,  it  is  easy  to  prove  the 
correctness  of  dependence  (12)  in  this  case  too,  but  angles 
y  and  are  more  simply  taken  directly  from  the 

sketch  of  the  escapement  (Figure  5), 
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Figaro  3,  Diagram  for  d  eter nine. t ion  of  angles 
of  free  rotation  for  flat  pallets 

[Translator *s  Note]:  The  Russian  subscript  11  6  " 
refers  to  the  balance,  "x"  to  the  escape  wheel. 
For  symbols  with  other  Russian -let ter  subscripts 
see  summary  list  below  at  pages  22  -24, 


If  we  substitute  c\  —  /?< k  into  (10),  if  we 
replaoe  by  ^'n  (11)  and  p  by  S  in  accordance 

C/s  Co 

with  (1),  and  if  we  equate  expressions  (8)  and  (10)  given 
lip  >  0,  we  shall  obtain 
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Il’  we  equate  (9)  and  (10)  given  LI  —  C,  with  allowance 


for  the  fact  that 


|tl  ~  I'cu  H  i'll  I 


where  3  Q  (Figure  2)  is  the  angle  determining  the  position  of 

the  pallet  at  the  beginning  of  free  rotation  and,  firther, 
with  allowance  for  the  fact  that,  given  Mr-,  =  0  end  q  —  0, 

from  (7) 


**==  YJ,Lr?'.  Vm\ 


wo  shall  have 


2  /,  ike.  k 

h,  U 


f  4  •„  ( r'C 

4  i)  &  (,\6  f  i'w) 


4-1  —1 


From,  the  last  aquation  it  can  be  seen  that  in  the  ab¬ 
sence  of  friction  on  the  pivots  of  the  balance  and  in  the  ab¬ 
sence  of  balance  roper  cession  during  impacts  with  the  wheel 
the  position  of  the  contact  points  of  balance  and  use  ap e 
wheel  and,  conse  fluently,  tne  am  gni  tude  of  the  ba  La  nee’s  ampli¬ 
tude  of  vibrations  will  not  bo  dependent  upon  the  magnitude  of 
the  angular  momentum  on  the  escape  wheel. 

r,„  N.  Bautin  [ f J  also  arrived  at  tne  same  conclusion, 
using  for  his  investigation  the  method  of  point  transforma¬ 
tions  on  a  phase  plane. 

The  friction  on  balance  pivots  and  the  velocities  of 
the  balance  at  the  beginning  of  impulses  g . > q  are  usually 

small.  Therefore  we  can  consider  the  above -indicated  lav; 
to  be  charactorist ie  in  significant  measure  of  all  regulators 
of  the  type  here  under  study. 

If  we  solve  (16)  relative  to  pfc(  ,  we  shall  obtain 
the  following  expression  for  impulse  angle 


9 


%> 


where 


;v 


C,  -i-  / cl  -  4  C,  Cj 
2^ 


(17) 


C,= 


Da  -f  4  D  -j-  4 1„;  C1  =  2(Oa?,  +  2D^  +  2i.?<  +  2iIIW; 

//k 

7T 


Ca  =  aD  3*  &  a  —  ' 


JL. 

k 


In  formula  (17)  only  a  plus  stands  in  front  of  the  root 
since,  given  /3  q  ~  0  and  r=  0,  cannot  eoual  zero. 

Operational  Regime  of  Regulators  with  Alloy;  a  no  e  for  Impacts 

Depending  on  the  combination  of  different  balance  and 
escape-wheel  parameters  affecting  impact  results  (magnitudes 
of  moments  of  inertia,  mechanical  properties  of  materials, 
design  factors  etc.),  the  fbllovlng  post-impact  states  can 
be  observed  in  regulators  without  natural  vibrations  after 
contact  of  the  escape-wheel  tooth  with  the  pallet: 

1)  Withdrawal  (recoil)  of  the  wheel  and  rotation  of  the 
balance  without  reversal; 

2)  Recoil  of  the  balance  and  wheel  in  opposite  direc¬ 
tions  from  the  contact  point; 

3)  Rotation  of  the  wheel  without  reversal,  and  recoil 
of  the  balance, 

i\ s  we  enter  upon  a  determination  of  the  vibration  pe¬ 
riod,  we  must  establish  the  character  of  the  operational 
regime  [See  Note]  cliaract eristic  of  a  regulator  with  partic¬ 
ular  parameters.  For  this  purpose  the  magnitudes  and  direc¬ 
tions  of  the  post-inpact  velocities  of  balance  and  escape 
wheel  may  serve  as  criteria, 

[Note]:  In  principle  different  regimes  nay  arise  on 
each  of  the  pallets. 

Let  us  find  the  expressions  determining  the  S3  veloci¬ 
ties. 


Let  the  balance  and  wheel  at  the  moment  of  contact  have 
velocities  of  and  i  y  respectively,  and  after  impact 

and  ^  respectively.  Let  us  designate  the  distances  from 

axes  of  rotation  to  impact  line  (Figire  4)  fc  and  f  , 
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and  the  total  linear  velocity  of  the 
and  Ox  the  first  phono  of  impact  U 
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nee  summary  list  'be lev;  at  pa&ea  22-2*1. 
1.  Lino  oj 


Let  us  to  ho  count  mu;lochv;is  o  rotation  an  positive  di¬ 
rection.  Then  in  me  first  of  tr.e  a  love -indie  at  oa  cases  of 
regulator  operation  v:a  ahull  obtain  tho  folia;  int  pattern 
of  velocity  transformation  on  impact; 


•>;  ,t,  -  U  -  -  Vt,  ?.•» ; 


os: 


If  we  assume  the  impact  of  tooth  against  pallet  to  be 
elastic,  in  tho  first  phase  of  impact  (equalization  of  veloc 
ities)  we  shall  have 


/x{U-rtyf,k)=Sl{,l 


For  the  second  phase  (restoration  of  velocities) 


lMm+U)=-sz& 


If  we  eliminate  from  these  equations  first-  and  second-phase 
impulses  and  and  velocity  U  ,  we  shall  Obtain 


'<*  =  («y  t*  «.)  1  -fM  —  Vy  ( 1 9) 


If  we  introduce  coefficient  of  restitution  of  impact  velocity 


A'= 


~‘X  *11  ~!~  ?()  T*  u 

?*  «y  ~T  PfiOy 


(20) 


and  by  means  thereof  eliminate  Jj  ^  in  (&)),  v;e  shall  find 
post-impact  velocity  of  the  balance 


(1  T  K  )  i  «y  —  ( 7^  ~  A,"  j  yy 


/ 

7~ <3 


(21) 


According  to  the  data  of  F.  V.  Drozdov  [3],  K  ~  0,5  to 
0.6,  If  v»  Isnou  ip  p  ,  the  post-impact  velocity  of  the 

escape  vjheel  can  be  computed  according  to  the  formula 
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are  obtained 


Analogous  expressions  ?2or  ^  arid  £  ^ 
also  from  a  consideration  of  impact  on  the  discharging  pallet. 

If  vj/'  g  c~  I  £  »  comp  at  ed  according  to  (£1)  and  (£2), 

tarn  out  to  be  nogs ‘Give,  this  will  mean  that  the  balance  or 
escape  vile  el  will  not  recoil  from  the  contact  point  as  as¬ 
sumed  above,  but  will  keep  on  moving  in  the  pre- impact  direc¬ 
tion. 


In  establishing  the  operational  regime  of  a  regulator, 
or  the  beginning  of  an  impulse,  or  initial  velocity  of  a  balanc 
according  to  the  velocities  y<  ^  and  £  -g  for  which  magni¬ 
tude  and  direction  are  known,  we  can  be  guided  by  the  follow¬ 
ing  ccnsi  derations  [See  NoteJ: 

[Note]:  lot  us  disregard  any  possible  subsequent  im¬ 
pacts  since  they  play  no  significant  role  in  comparison  with 
the  first  one. 

1.  If  0  and  £  ~  >  0  ,  impact  does  not  reverse 

the  rotation  of  the  balance,  but  causes  a  withdrawal  (recoil) 
of  the  escape  wheel.  After  the  angle  of  departure  is  passed, 

y^o  ~0, 

The  angle  of  departure  is  found  from  the  circumstance 
that  the  poet- impact  kinetic  energy  of  the  wheel  equals  the 
work  of  the  angular  momentum  at  this  angle,  which  yields 


■2MX 


(23) 


key:  CT  [ctkhod;  departure] 

The  additional  angle  of  relation  of  the  balance  during 
withdrawal  of  the  wheel  in  this  case  is 


/frt 


l, 


(24) 


key :  OT  [  ot  kbod  ;  with  do  av.a  1 ,  depar  ture  ] 
and  the  complete  impulse  angle  is 
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\  _  0  •  'j  .  0 

rn  “  rr6  "T"  i'll  i  |5ot  • 


(25) 


2,  Given  _  >  0  and  £  _  >0,  on-innact  reflection 

"*  1  x)  ,J  i} 

of  bo lii  balance  and  wheel  takes  place.  The  latter,  having 
oertain  energy  due  to  tha  magnitude  of  velocity  £  g,  initially 

withdraws  at  a  certain  argle  (23)  and  then  rotates,  catching  up 
with  the  pallet. 

The  extrane  position  assumed  by  the  escape  wheel  on 
withdrawal  can  also  be  considered  as  the  beginning  of  an  im¬ 
pulse  in  this  particular  instance.  The  initial  velocity  of 
the  balance  must  be  taken  appro xi mat  el  y  as  vj>£  . 

3,  If  4’ *  >  0  K  ^  <  0,  only  the  balance  will  re- 

“  & 

coil  from  the  impact  point.  The  position  of  the  parts  of  the 
escapement  will  correspond  to  the  beginning  of  the  impulse, 

4  0  ~  4  B- 


The  most  frequently  encountered  regime  characteristic 
of  I  >1^.  is  the  first. 

Sfcoin,  (21),  (22)  it  can  bo  seen  that  in  order  to  connate 
and  »  we  ^u-st  know  tie  pro- imps  ct  veloci  ties  of  bal¬ 
ance  and  escape  wheel  4  and  which ,  in  their  turn,  de- 

T  y  J  v 

pend  on  y  and  £  Q  and  the  impulse  angles  with  correction 
for  the  effect  of  impacts. 


dj  and  £  can  be  eliminated  from  (21),  (22).  How- 

1  v  */ 

ever,  in  this  case,  complex  biquadratic  equations  are  obtained. 

In  practice  it  is  more  practical  to  find  (j>  and  y 

by  successive  approximation  according  to  the  fo Having  proce¬ 
dure. 


Assuming  4q  —  0  at  the  beginning  of  the  preceding 

impulse  (the  beginning  determined  without  including  the  im¬ 
pact),  wo  find  the  velocities  cf  the  balance  and  the  escape 
wheel  at  the  end  of  an  impulse  on  one  of  the  pallets  and  then 
their  velocities  at  the  moment  o f  wheel-tooth  contact  with 
the  next  pallet  in  turn. 
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I 


t- 


Found  in  accordance  with  the  so  veloc  itie  s  are  the  first 
approximate  valu.es  of  subsequent  velocities,  by  tailing  which 
into  account  the  impulse  anvlc  and 'velocity  of  wheel  and  bal¬ 
ance  on  the  pro  coding  pa  3. lot  etc,  are  refined  until  subse¬ 
quent  refinements  no  longer  appreciably  change  results. 

let  us  note  that  ov.inc  bo  the  u^ree  of  approximation 
of  the  classical  impact  theory  used  by  us,  as  well  as  the 
inaccuracy  and  inconstancy  of  the  coefficient  of  restitution 
K,  it  is  quite  sufficient  to  limit  refinement  to  ,just  one 
approximation. 

V ibrati  on  ? tried  of  tiio  L a  1  an  co¬ 


if  we  designate  impulse  transmission  time, 
time  and  the  time  required  tu  p  1 3  S  Cw«.«L  ourh  an/; le  o 
respectively  as  i.<  ,  t  ,  and  tm.-p,  according  to 

1/  V  Jm 

ly  civ en  determination  of  the  vibration  period  we 


froo  rotation 
f  departure 
the  previous - 


have 


T  —  !i  *H  q  1  * -  -r  4-  qT  +  C  +  *^'  [See  Note ](26) 


whore  t  is  the  time  tho  tooth  is  in  contact  with  tlie 

w 

pallet  during  impact,  assumed  to  bo  identical  on  both  pal¬ 
lets. 


[Note]:  Horo 
desiccate  quantities 
l)allot  respectively. 


and  hereinafter  the  indexes 
reforrinc  to  receiving  and 


1  and  " 
d  is  char  gin 


r« 


In  v  iew  of  the  comourat  ive  smallness  of  the  quantity 
2  ty^  (approximately  ten -thousandths  of  a  second),  erven 

T  >0.01  soc.  it  is  cuite  validly  disregarded .  In  case  of 
smaller  values  of  the  period,  the  duration  of  impacts  can  be 
allowed  for  by  makinc  experimental  correction. 


To  find  tine  interv  sis  t  ^  ,  let  us  solve  equation  (5). 
Ly  double  Integra  tion  wo  shall  obtain 


where 


Y'  (7;i  Vt>)» 

r _  A/xt-.w, 


(27) 

(26) 


i 


\ 
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and  is  determined  from  (7), 

Free  rotation  time  is  expressed  by  formulas  (8)  and 

(9). 

If  according  to  (21)  and  (22)  we  obtain  <  0  and 

£  >  0,  we  shall  find  the  duration  of  reverse  rotation  of 

£| 

the  escape  viheel  from  the  equation 

//«  +  Mt  =  0. 

If  we  integrate  under  Hie  initial  conditions:  t  «■- 0; 
hX~0  and  ^  =  £  q  and  under  the  conditions  at  the  end 

of  withdrawal:  t  =-*  tQT;  o*  vdth  allowance  Ibr 

(23),  we  obtain 

t  —  E 

[°r  —  Mx  (29) 


Tailing  into  account  egressions  (25),  (27  ),  (8)  and 
(29),  we  shall  obtain  an  expanded  expression  for  determina¬ 
tion  of  the  vibration  period  of  a  balance  without  restoring 
foroe  in  the  commonest  case  in  the  following  form: 


r = -^7  (*v;.  —  Vo) 


•  ii 


2  rjt  %t 

"  1  »'c6  ‘ 


j 


/x 


Mt  (;o'^'o)4"2^yj, 


(30) 


where  coefficients  C*  and  Gn  are  found  according  to  (28), 

Given  little  friction  on  the  balance  pivots  when  one 
oan  assume  =0, 


'•=4('>:  -  ■»+ £■■•  k  -  «+ 4 


VM 


>c6  +  (30a) 


V.I 


If  we  disregard  friction  and  impacts, 
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viher  e 


(306) 


r= 


A 


A=Vl„ 


■  (31) 


Considered  "by  way  of  example  is  an  escapement  regu¬ 
lator  without  natural  vibrations,  having  pin  pallets,  with 
the  following  data: 


/-  0,0001 5 


mm 


sec.  squared;  56°; /<' =0,40  [See  Note]; 


A:"=0.39:  =8018';  ^=12#29'; 

i;  —1.8;  /[  -2, If;  /J>'  =  0.5GS; 
A1.  =  0;  A' -0,5. 


»7  5-r;  ,V,= 
D"- 0,923;  a'= 


6  0 1 7 ;  i'  —  |,75;  i"-  1,85; 
^ —  5.658;  a"=-£--  4,625; 


In  view  of  the  lach  of  necessary  data  the  duration  of  impacts 
was  not  computed. 

[Note]:  Since  in  escapements  with  pin  pallets,  prac¬ 
tically  speaking,  free  rotation  rather  than  impulse  transmis¬ 
sion  takes  place  in  sectors  of  the  impulse  along  the  pin,  quan¬ 
tities  k  and  i  for  these  are  determined  only  within  the 
range  of  tho  impulse  along  die  escape-wheel  tooth. 

Tables  1  and  2  present  respectively  tho  results  of 
calculating  the  vibration  period  of  a  balance  with  and  without 
allowance  for  the  effect  of  impacts  on  vibrations.  Table  3 
shows  the  post- impact  velocities  of  balance  and  escape  wheel. 
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Table  1 


— r 

1 

X 

Bxoaiiati  iia.icT.7l 

Uwxojiiaii  (u.icTa 

!  * 
i 

2  T  ctn  npn  Mx  ,  imm 

i 

[imm  cen* 

J 

•  imm  cei rJ 

4 

25 

100 

260 

10 

10°  14' 

0,000153 

9°29' 

0,00f)l  53 

* 

0,02721 

0.01360 

I 

0.00544 

1 

j  0.00272 

' 

1  0.00192 

5 

11032" 

0,000157 

10°35 ' 

0,000155 

0,02843 

0,01422 

1 

1  0,00569 

| 

1  0,00281 

0.002U1 

2 

12°28' 

0,000157 

12oo2' 

0,000165 

0,03255  0,01628 

0,00651 

0,00326 

0,00230 

1 

12059' 

0,000184 

12°56' 

0,000182 

0,03591 

0,01796 

0,00718 

0,00359 

I  0,00254 

| 

0.5 

13°24' 

1  0,000219  13°34' 

0,0.10213 

0.03691 

1 

1  0,01996 

1  0,00798 

0,00399 

0,0w282 

0,2  * 

13°36' 

0.000323 

1 13°57 ' 

0,000308 

1  • 

0,04917 

i  0,02458 

1 

1  0,00983 

1 

1  0,00492 

1 

0,00318 

! 

[Translator^  Note]:  Synbo  I3  with.  Russian- 
letter  subscripts  which  have  previously  oc¬ 
curred  in  text  are  listed  below  at  pp#  22-24. 

Keys: 

1,  Receiv  ing  pallet 

2.  Discharging  pallet 

3*  ^sec  &-ven.  [see  summary  list  of  symbols], 
gram-millimeters 

4.  gram-millimeters  sec.  squared 
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Table  2 


IBuxo.'iiiaN  [lit.icTii 

2  Buxo.inaii  naaeT.i 

3  T  ctK  n[)ii  At 

«  .  /MM 

J 

/* 

'^QT 

y  1  v 

ot  |  » or 

•'m 

4 

25 

100 

200 

10 

2°*I0' 

4°  12' 

I5°26' 

i 

3<>49  '  6°53 

16°22 

0,01751 

0,00695 

0,00314 

0,00245 

5 

2°47' 

4°52' j 1 6°24 ' 

3°5 1  1  6°55 

1 7°30 

0,01915 

0,01)753 

?1 

0 

0 

0,00205 

2 

2°52' 

5°00'  !17°2s' 

3°o9  !  o°3 1 

18°38 

0.021. >9 

0,0  is  19 

0,00134 

0,00302 

1 

2°30' 

4°22'  jl7°21' 

2°5i  5° 14 

1  b°lC 

0,02191 

0,00-' 51 

0,00 *39 

0,00303 

0.5 

1°24' 

2°28' 

15°52' 

l°2ii  2°35 

1C°19 

0,01320 

0,00009 

0,00359 

0,00243 

0,2 

0°01' 

0°02' 

13°3b' 

0°00'  0°00* 

1 

13°  57 

0,01041 

0,00435 

0,00226 

0,00122 

[  Tran  sla  tor  ‘  s  Not  e  j :  Symbo  Is  v;  ith  Hus  clan  - 
letter  subscripts  which,  have  previously  oc¬ 
curred  in  text  are  listed  below  at  pp.  22-24. 

Keys: 

1.  Receiving  pallet 

2.  Dischar £in<2  pallet 

3.  Tsqc  ^-iven  I.IX  [see  sumary  list  of  symbols 3, 

Cram-millimeter  s 
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Table  3 


1 

X 

,  1 

Bxoahi* 

nuicTa 

i 

2 

Biuxojiian  na.icta 

n  A.’  -1-  FI  pit  Afx  ,  tMM 

v  To  cm 

4  npM 

Mx  , 

tMM 

2 

25 

100  | 

|  200  | 

4 

25  | 

100  | 

200 

10 

-31.37 

-85,93 

-171,86 

-239.85 

-35.24 

-88.11 

— 176.13 

-249.01 

5 

-28,63 

-71,54 

-143,09 

-202.26 

-26,64 

-66.58 

-133,19 

-188.34 

2 

-14,23 

-35,63 

-  71,18 

-100,66 

-  8,48 

-21.22 

—  42.42 

-  59.98 

1 

3,52 

8,81 

17,60 

39.64 

11,84 

29,56 

59.19 

83,73 

0.2 

25,35 

63,39 

126,90 

179.86 

35.88 

89,73 

179.35 

250.99 

0,2 

58,17 

• 

124,63 

249,14 

352,38 

i 

61.25 

1 

153.28 

306.55 

432.99 

l 

L 

J 

5  -  U  pH 

“Cfrf 

Mx. 

tMM 

6  ‘>P» 

»  CtH 

Mx  . 

IMM 

4  1 

25  | 

100  j 

2U1) 

4 

|  25 

100 

1  200 

10 

157.98 

294.45  | 

789.00 

1 

J  1171.93 

188.62 

471.32 

943,86 

1331.56 

5 

113.79 

180.15  | 

569.16 

601.98 

133.98 

335.03 

669.99 

947,04 

2 

72.96 

115,36 

•  j 

864.82 

515,87 

82.39 

205.95 

411.97 

582,46 

1 

48.18 

76.20 

210.98 

366,10 

52.02 

130.03 

260.05 

367.74 

0.5 

25.72 

40,27  j 

128,70 

181.95 

25.84 

61.59 

129.18 

180.27 

0.2 

1.73 

1  1 

2.74  ‘ 

1 

8.68 

12,30 

-0.58 

I 

-1.37 

-2.74 

-4.08 

[Transla tor 1  s  Not e  j :  Synbo Is  with  Rus sian- 
letter  subscripts  vhich  have  previously  oc¬ 
curred  in  text  are  listed  below  at  pp#  22-24. 


Keys: 

1.  Receiving  pallet 

2.  Dio  charging  pallet 

3;  vi>  4  JL  given  LI  [see 
sec  *■ 

summary  list  of  sym¬ 
bols],  gram-mn 

4.  0  ‘I  _ J-—  given  M  [see 
°  sec  x 

summary  list  of  sym¬ 


bols],  gram-mm 

5-  «  s^o  siven  Csee 

summary  list  of  sym¬ 
bols],  gram-mm 

6.  £  ^  given  [see 

summary  list  of  sym¬ 
bols],  gram-mm 
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Frcm  the  results  presented  we  can  draw  the  following 
basic  conclusions. 

JL.  Impacts  ana  the  resultant  recoils  of  the  escape 
wheel  if  I  >  I.  cause  an  increase  in  the  vibration  period, 

but  a  decrease  if  I<  Ix. 

2,  The  vibration  period  of  the  balance  is  relatively 
slightly  dependent  upon  the  relation  between  the  jug  sent  of 
inertia  of  the  balance  ana  the  reduced  moment  cf  inertia  of 
the  escape  wheel,  with  the  Greatest  magnitude  of  the  vibra¬ 
tion  period  beinG  obtained  Given  I  ^L. 

j3.  Tiie  vibration  period  of  a  balance  without  restor- 
inc  force  depends  in  great  measure  upon  angular  momentum, 

4.  The  error  in  the  determination  of  rh  e  period  if 
impactsli re  disregarded  amounts  to  (25- 30^)  given  I  _>  1^., 

and  may  go  as  hi,Ji  as  50>j  or  core  given  I  <  L^.  This  must 

be  borne  in  mind  in  designing  clockworks  with  a  bulky  whe  el 
system. 
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SUIIIARY  LIST  CF  SYMBOLS  7JITH 
RU S SI All -ILTTiR  SUBSCRIPTS. 

Latin  Symbols 


Symbol 

Expansion  & 

Leaning  of  Symbol 

& 

Subscript 

Tran si at  ion 
of  Subscript 

*6 

' b  [balans;  bal¬ 
ance] 

Reduced  moment  of  in¬ 
ertia  of  the  balance 

*X 

kh  [khodovoye 
koleso ;  escape 
wheel] 

moment  of  inertia  of 
the  train  (wheel 
transmission)  reduced 
to  the  amis  of  the 
escape  wheel 

“6 

b  [balans;  bal¬ 
ance] 

Ho non turn  acting  upon 
the  balance 

“t 

T  [treniye; 
friction] 

Friction  torque 

kh  [khodovoye 
koleso;  escape 
wheel ] 

Angular  momentum  on 
amis  of  escape  wheel 

“xs 

kh  [khodovoyo 
koleso;  escape 
who  el  ] 

b  [balans;  bal¬ 
ance] 

I 'omen turn  from  the  bal¬ 
ance  acting  upon  the 
esca  pe  whe  el 

** 

i  [inputs;  im¬ 
pulse] 

Impulse  transmission 
tii  le 

tuT 

ot  [otkhod; 
depar  tur  e ,  v;i  th- 
drawal] 

Time  required  to  pass 
through  angle  of  de¬ 
parture 

s  Csvobodnoyo; 
free] 

Free  motion  time  ; 
free  rotation  time 

T 

COJC 

sek  [sekunda; 
second] 

T 

sec 

t 

yA 

ud  [  udar ;  im¬ 
pact] 

Time  the  wheel  tooth 
is  in  contact  with 
pallet  during  impact 

First  Oc¬ 
cur  rence 

P.  6 
P.  4 

P.  4 
P.  4 
P.  4 

P.  4 

P.  15 
P.  15 

P.  6 
P.  15 

P.  18 
P.  15 
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310 


G-reek  Symbols 


SytlbO  1 

Expans  ion  &. 

Meaning  of  Symbol 

First  Gc 

&  ■ 

SaVscript 

lirunslation 
of  Subscript 

currcnce 

^OT 

ot  [otkhod;  do- 
par  bare  ] 

Angle  of  departure 

P.  13 

aCK 

s  [svobodnyy; 
free  ] 

k  [koleso; 
vfi le  el  ] 

Angle  of  free  rota¬ 
tion  of  escape  Wheel 

P.  7 

fin 

i  [  impul  *  s ;  im¬ 
pulse] 

Anri. e  of  rotation  of 
tiie  balance  during  an 
impulse 

P.  6 

Per 

ot  [otkhod ; 
withdrawal  ] 

Angle  of  rotation  of 
the-  balance  during 
withdrawal  of  the 
escape  wheel 

P.  13 

fie 

s  [svobodnyy; 
free] 

Angle  of  free  rota¬ 
tion 

P.  3 

PeC 

s  [svebodnyy; 
free] 

b  Cbalans;  bal¬ 
ance] 

Part  of  angle  of  free 
rotation  traveled  by 
the  ha  lane  e 

P.  3 

fien 

s  [svobodnyy; 
free] 

k  [koleso; 
wheel] 

-Part  of  angle  of  free 
rotation  traveled  by 
the  escape  Wheel 

P.  3 

U 

v  [votrecha; 
contact,  impact] 

Velocity  of  escape 
vine  el  a  ft  er  conte  c  t 
with  balance 

p.  io 

L 

i  [inpul’s;  in¬ 
pulse  ] 

Velocity  of  escape 
wheel  at  end  of  im¬ 
pulse 

P.  6 

ty 

u  Codar;  in- 
pa  ot,  contact] 

Velocity  of  escape 
wheel  at  mo  rant  of 
contact  with  balance 

P.  10 
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Syiubo  1  expansion  C:  Meaning  of  Symbol 

&  ’'Tra’hc latlon  * ’  ~  ^ 

Subscript  "df  Subscript 


h 


^XM 


Y& 


b  [balans;  bal 
once] 


b  [balans;  bal 
ance] 

i  C  imp  ul  *  s ;  in 
poise  ] 


kh  Ckhodovoyo 
kola  so;  escape 
wheel] 


kh  [Idiodovoye 
koleso  ;  osca  pe 
wheel] 

i  [  inpul 1  s ;  in- 
poise  ] 


v  [vstrecha; 
contact,  impact] 


i  [impul's;  in- 
polse  ] 

o  Coder;  in¬ 
pact,  contact] 


Diet  an  co  from,  axis  of 
rotation  of  balance 
to  line  of  impact 

Distance  from  contor 
of  balance  to  the 
general  normal  to  sur¬ 
faces  of  impulses  of 
tooth  and  pallet  at 
the  moment  vimn  in- 
pu.  Is  o  tra  n  smi  s  si  o  n 
coases 


Distance  from  axis  of 
rotas io..  of  escape 
wheel  to  lino  of  im¬ 
pact  with  balance 

Distance  from  center 
of  via  eel  to  the  Gen¬ 
eral  normal  to  sur¬ 
faces  of  in  ..ul  sos  of 
tooth  and  pallet  at 
the  moment  when  im¬ 
pulse  transmission 
ceases 

Post -rape ct  velocity 
of  balance  (after  con¬ 
tact  with  escape 
wheel ) 

Velocity  of  balance 
at  the  end  of  impulse 

Velocity  of  balance 
at  the  moment  of  con¬ 
tact  with  wheel 


s 


First  Oc¬ 
cur  re  nee 

P.  10 

P.  7 

P.  10 

P.  7 

P.  10 

?.  0 

P.  10 
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